Objective We examined the relative response to radiation of the upper lung lobes (UL) vs. lower lung lobes (LL) of normal lung tissue using normalized [ 18 F]-fluorodeoxyglucose (FDG) uptake per radiation dose received per lung voxel in patients treated with either photons or protons and tested for correlation of the radiation response with clinical pneumonitis.. Methods Seventy-five patients [photon (n051) or proton (n024)] treated for esophageal cancer from November 1, 2003 to May 15, 2011 who received restaging FDG-positron emission tomography (PET) imaging 1-3 months after chemoradiation were selected. UL and LL were contoured using the major fissure as the boundary, with the right middle lobe being included in the right UL structure. Pneumonitis toxicity was scored using the Common Terminology Criteria for Adverse Events, version 4.0 based on the consensus of five clinicians. Results LL had a higher mean dose (15.6 vs. 10.4 Gy, p<0.001), higher mean standard uptake value (SUV) (0.78 vs. 0.56, p00.001) and SUV in low-dose regions (0.80 vs. 0.66 for 10 to 20 Gy, p00.001), and lower mean doseresponse (0.015 vs. 0.019, p00.003) compared to the UL. The mean dose ratio of UL vs. LL (p<0.001) and SUV in the region of lung receiving 0-10 Gy (p00.04), but not the dose-response ratio of UL vs. LL (p00.53), correlated with symptomatic pneumonitis. Upper lung lobes had a greater pulmonary metabolic radiation response than lower lung lobes. Greater dose to UL relative to LL and higher SUV in the low-dose region (10-20 Gy) on posttreatment PET correlated with symptomatic pneumonitis.
Introduction
Severe radiation pneumonitis (RP) is often fatal, with a mortality rate among nonsmall cell lung cancer patients who experienced severe symptoms reported to approach 50 %, even in the modern era of three-dimensional conformal radiation and intensity-modulated radiation therapy (IMRT) [1] . Reports on the effect of anatomic location irradiated on RP incidence have had conflicting findings. One group of studies found the inclusion of superior-to-inferior tumor position as a significant factor in pneumonitis risk [2] [3] [4] [5] , while others did not [6, 7] . Rodent studies investigating the effect of superior-to-inferior irradiated location have been similarly conflicted. A greater pneumonitis response was found following irradiation of the inferior portion of the lung vs. the superior portion in some studies [8, 9] , but not in others [10, 11] . One group of studies hypothesizes that the correlation found in retrospective clinical and rodent studies is due to a variation in target cell density within individuals between the lobes [12] . Others have suggested any observed differences may be accounted for by interaction of the radiation response of adjacent organs, such as the heart or liver [10, 13, 14] . Hence, there remains much uncertainty as to relative radiosensitivity of the lung lobes.
Pulmonary inflammatory reactions can be visualized on [ 18 F]-fluorodeoxyglucose positron emission tomography (FDG-PET). We found a linear relationship between pulmonary FDG uptake and radiation dose for each patient evaluated, with the slope varying over orders of magnitude between patients. The slope of this linear relation, which we refer to as the pulmonary metabolic radiation response (PMRR), was found to significantly correlate with RP clinical symptoms [15] . The PMRR [15, 16] provides a direct measure of the pulmonary radiation response and can directly assess differences in the lobar response.
At our institution, patients with esophageal cancer routinely undergo restaging FDG-PET/CT after chemoradiotherapy to identify patients with interval metastases [17] . In this study, we quantitatively compared the PMRR response for the upper and lower lung lobes within individuals who received thoracic radiotherapy to both the upper (UL) and lower lung lobes (LL) for esophagus cancer.
Methods

Patient radiation dose and PET data
The study population comprised patients treated in the Department of Radiation Oncology at The University of Texas MD Anderson Cancer Center for esophageal cancer between November 1, 2003 and March 15, 2011 (n075) who had CT treatment planning and follow-up PET/CT imaging between 25 and 75 days after completion of radiotherapy at our institution on a General Electric Discovery ST PET/CT scanner (GE Medical Systems) for disease restaging purposes. To select cases with sufficient upper and lower lobe irradiation, each case had to meet the following criteria: Volume receiving ≥5 Gy must be ≥ 30 %, and volume receiving ≥40 Gy must be ≥2 %. Patient identifiers were removed in accordance with a retrospective study protocol approved by our Institutional Review Board in compliance with the Health Insurance Portability and Accountability Act of 1996 regulations.
Each patient had undergone treatment planning CT imaging of the entire thorax and upper abdomen without contrast at 3-mm slice spacing on a Philips MX8000 IDT treatmentplanning CT scanner (Philips Medical Systems, Cleveland, OH, USA) or at 2.5-mm slice spacing on a General Electric Discovery ST PET/CT scanner (GE Medical Systems, Waukesha, WI, USA) with a 70-cm bore. The radiation dose was calculated either with a free-breathing treatment planning CT (most cases) or with an average CT calculated from a fourdimensional CT (4D CT) image set [18] . The radiation dose was calculated either with a free-breathing treatment planning CT (most cases) or with an average CT calculated from a 4D CT image set [18, 19] . Use of the average CT for attenuation correction had been introduced at MD Anderson in 2006 [20] . Approximately two thirds of the PET/CT images used in this study were attenuation corrected with mid-inspiratory breathhold obtained on the PET/CT scanner, and the remaining used an average CT obtained from a 4D CT acquisition on the PET/ CT scanner. All treatment radiotherapy plans and field arrangements were prospectively reviewed in quality assurance meetings in which consensus was obtained according to each patient's clinical circumstances.
Image registration and lung segmentation
The treatment plan for each patient was imported into a research dosimetry workstation and evaluated with the Pinnacle [3] version 7.6c or 8.0u treatment-planning system (Philips Medical Systems, Andover, MA, USA). The radiation dose distributions were all recalculated using a collapsed-cone convolution algorithm with lung heterogeneity corrections [21] .
Lung parenchyma was segmented manually in Pinnacle and exported for analysis. Regions of interests (ROIs) were drawn using the major fissures to delineate the lung lobes (Fig. 1a) . Left and right sided lobes were contoured separately. Since the horizontal fissure is complete in only one third of cases, the middle lobe (blue in Fig. 1a ) was included in the UL ROI. The treatment plan for each patient with corresponding DICOM CT images was imported.
Lung segmentation was also applied to the CT image from the restaging PET/CT and used to aid image registration. These segmentations were manually created using a custom MATLAB (Mathworks, Inc.) program. Restaging FDG-PET/CT was imported and spatially registered to the planning CT using an affine transformation algorithm. The registered images were visually verified.
Calculation of 18 F-FDG uptake
The standard uptake values (SUVs) were calculated from the PET count rate. The mean SUV within the pulmonary tissue was obtained for each case. Using the registration between the treatment-planning CT and the CT from the PET/CT, the mean SUV values in the lung tissue were obtained for each case over the dose ranges of 0-5, 5-10, 10-20 Gy, and subsequently in 10-Gy intervals to 50 Gy. The median of SUV mean values and the range of the means for the 75 cases were determined. Histograms were formed of the FDG PET count rate vs. radiation dose in 1-Gy intervals. A linear regression model was applied to the normalized [
18 F]-FDG uptake to obtain the PMRR for each case.
Statistical analysis
Differences in means of variables (PMRR, mean dose, and SUV) were determined using the nonparametric-related samples Wilcoxon signed rank test. A general linear model was used to test for correlation of continuous and ordinal variables with symptomatic (grade≥2) pneumonitis. All tests were two-sided with p values of 0.05 or less considered significant. Statistical analysis was done with SPSS release 11.5.0 (SPSS, Inc., Chicago, IL, USA).
Results
Patient characteristics, dosimetric parameters, and PET parameters
Patient and clinical data are summarized in Table 1 . A wide range of values for all parameters were seen depending on tumor location and treatment field design. The majority of cases were stage III. All patients received a total radiation dose of 50.4 gray or cobalt-gray equivalent and received concurrent chemotherapy. Tumor location, defined by distance from the incisors reporting during an esophagogastroduodenoscopy Fig. 1 A representative case. a 2D transverse, sagittal and coronal sections of planning CT with contoured lobes. Green UL; blue ML; red LL. b The normalized FDG uptake response per voxel versus radiotherapy dose (in Gy) with the linear regression result of the UL and LL. The FDG uptake response is normalized to the unirradiated (0-5 Gy) lung response, allowing each case to act as its own internal control. The regression slope is the PMRR for each lobe 
Clinical toxicity
The toxicity scores were as follows: grade 0 for 14 (18.6 %), grade 1 for 45 (60 %), grade 2 for 9 (12 %), grade 3 for 5 (6.6 %), grade 4 for 0 (0 %), and grade 5 for 2 (2.6 %). The rate of clinical pneumonitis (grade ≥2) was 21 %. The rate of pneumonitis was higher for proton therapy (33 %) compared to photon therapy (15 %) (p00.04). PMRR was obtained by regressing FDG uptake against dose with both intercept and slope in the model. A representative case is illustrated in Fig. 1. Figure 1a depicts the color-shaded UL and LL on transverse and coronal sections of the planning CT. The normalized FDG uptake response per voxel vs. radiotherapy dose (in Gy) is shown for this case along with the linear regression result of the UL and LL in (Fig. 1b) . The median and range PMRR for the lower lobes was 0.015 (0.0010-0.071) and for the upper lobes was 0.019 (0.0022-0.065). The UL had a higher PMRR than the LL (p00.003). Figure 2 shows a scatter plot of the PMRR for the UL and LL. SUV in the region of lung receiving 0-10 Gy was higher in the LL. Summary statistics of the Wilcoxon signed rank test are detailed in Table 2 .
Analysis of variance was performed using a general linear model incorporating PMRR ratio, mean lobe dose ratio, mean SUV, SUV of lung receiving 0-10 Gy, and SUV of lung receiving 10-20 Gy. The PMRR ratio (p00.53) and mean SUV (p00.23) were not correlated with grade ≥2 pneumonitis. Mean lobe dose ratio (p<0.001) and SUV 10-20 Gy (p 00.046) were correlated with grade ≥2 pneumonitis. Figure 3 shows a scatter plot of the mean lobe dose ratio for asymptomatic (grade 0-1) and symptomatic (grade ≥2) pneumonitis. Data by toxicity group and analysis of variance data are summarized in Table 3 .
Discussion
The primary aim of this study was to determine if there was a difference in the relative radiosensitivities of the upper and lower lung lobes in patients receiving thoracic radiation for mediastinal tumors. We found that the upper lobes had a greater radiation dose-response than the lower lobes using the relationship of the normalized FDG uptake vs. radiation dose. This greater response on PET was not associated with a greater risk of radiation pneumonitis using a ratio of the PMRR for upper vs. lower lobes. Instead, a greater relative dose to the upper lobes and higher SUV in regions receiving low dose of radiation for the entire lung predicted clinically apparent pneumonitis. One explanation for these findings is that the acute inflammation in the areas of lung receiving 0-10 Gy represents a relatively large volume of lung that is generally 0.5 cm or more from the esophagus. The PMRR includes high-dose regions>20 Gy that are close to the esophagus. If cytokines from the esophagus diffuse into the lung and cause pneumonitis (one hypothesis), then the cytokines would have a greater impact on the PMRR than on the SUV in the region receiving 10-20 Gy because of the close proximity of the high-dose regions to the esophagus. The SUV in the 0-20 Gy range is less sensitive to anatomic changes between the planning CT and posttreatment PET and registration errors since there is a steep dose gradient in the lung near the esophagus tumor. Very low dose radiation (<5 Gy) may not produce enough response to be predictive. The effect of anatomic location irradiated on radiation pneumonitis incidence is controversial. As an example, Hope et al. [2] developed a novel spatial and dosimetric retrospective analysis to study the effect of the location of the gross tumor volume on incidence of radiation pneumonitis in patients with lung cancer. They found that inferior tumor position had the highest univariate correlation with radiation pneumonitis among variables tested and that a model combining inferior tumor position with dose and volume information was more strongly correlated with radiation pneumonitis than any individual parameter. Bradley et al. [4] subsequently included the superior-inferior location difference in a nomogram to predict the risk of radiation pneumonitis. Two rodent studies support their clinical finding, demonstrating irradiation of the heart enhances RP symptoms [13] . Alternatively, Robnett et al. [6] retrospectively studied lung cancer patients to identify factors that may predict for severe radiation pneumonitis. Tumor location including lobe involved (upper vs. mid/lower) were not associated with severe pneumonitis risk. While most studies were carried out in lung cancer patients, the present study used esophagus cancer patients to evaluate the radiation response of relatively healthy lung. The present study defined upper and lower lobes anatomically to determine lobe sensitivity similar to Robnett et al.
One group of studies hypothesizes that the correlation of anatomic location and radiation pneumonitis found in retrospective clinical studies and rodent studies is due to a variation in target cell density within individuals between the lobes [12] . Animal studies have suggested that any observed differences may be accounted for by interaction of the radiation response of adjacent organs, such as the heart or liver [10, 13, 14] . Theuws et al. [22] found that the dose-effect relations for early changes in perfusion and ventilation were similar in shape. Both perfusion and ventilation changes showed an almost linear increase in the reduction in local function as a function of dose. They reported no regional sensitivity difference in the loss of pulmonary perfusion or ventilation radiation response. With loss of ventilation or perfusion as the endpoints, regional differences in radiosensitivity could not be demonstrated.
The rate of symptomatic pneumonitis with proton therapy was twice the rate of pneumonitis with photon therapy. This difference in pneumonitis is not accounted for by dose. The mean lung dose to the total lung for patients receiving All dose values are in gray (Gy) or cobalt 60 gray equivalent (CGE)01.1×Gy and the PMRR's in Gy −1 or CGE −1 . p value is for logistic regression photon therapy was 14.5 Gy and for patients receiving proton therapy was 9.8 Gy. The higher rate of pneumonitis with proton therapy is an area of future study. This retrospective study has several limitations. Baseline PET studies were not incorporated since many outside PET scans were not available. Baseline PET could be used to determine if there was pre-existing inflammation of other etiology. The time from the last day of radiation treatment to restaging PET/CT ranged from 25 to 75 days. This broad range in restaging PET may affect the mean SUV, SUV in 10 Gy dose regions, and the dose-response (PMRR). The volume effect was considered in the linear model. However, the cases where UL dose is greater than LL dose may still reflect a greater volume of total lung receiving radiation in these cases.
Conclusion
In this study, we showed that upper lung lobes have a higher FDG-PET radiation dose-response compared to lower lung lobes. The FDG-PET radiation dose-response did not predict for clinically apparent pneumonitis. A higher ratio of mean dose to the lower lung lobes and higher SUV in the region receiving 0-10 Gy to the entire lung predicted pneumonitis.
